g µν (x)dx µ dx ν depend on place in space and time, not constant as in Minkowski form ds 2 = −dt 2 + dx 2 + dy 2 + dz 2 . Gravitational force from local change of metric coefficients g µν (x) subject to Einstein's equation.
General relativity
Curved space-time: distances
g µν (x)dx µ dx ν depend on place in space and time, not constant as in Minkowski form ds 2 = −dt 2 + dx 2 + dy 2 + dz 2 . Gravitational force from local change of metric coefficients g µν (x) subject to Einstein's equation.
−→ Space-time determines motion of bodies, but its own dynamical equations are sourced by matter: non-linear theory.
−→ Structure of space and time not absolute but subject to physical laws. Arises from solutions, not presupposed.
Consequences
Dynamical metric subject to physical laws. Implies new effects, e.g. propagation of small perturbations: Gravitational waves.
But: Mathematical equations determine space-time metric, solutions can become singular and inextendable. Space and time stop where equations no longer allow finite solutions.
Happens in black holes, and at the big bang (if we rewind the expansion of the universe).
Hawking-Penrose theorems: For matter as we know it, a space-time which expanded at one time can only have existed for a finite amount of time after a singularity. The description of the universe according to general relativity cannot be complete.
Singularity problem
Isotropic cosmology: universe expansion by increasing scale factor a(t), ds
Friedmann equation for non-relativistic matter (mass M , "dust"):
Properties: (i) Smaller volume in the past.
(ii) Energy density M/a 3 behaves as 1/t 2 , universe hotter in the past.
(iii) Zero volume, infinite energy density a finite time ago: Mathematical singularity: big bang. Density, temperature infinite. 0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000  0000000 
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Attraction
A singularity is a lawless place, which cannot be the beginning of a world understandable by physical laws.
Complete picture requires a framework without singularity.
The big bang may then be a true beginning, or a high energy transition from a universe which existed before the big bang.
Main problem: gravitational force according to general relativity is always attractive, and no other force can prevent the total collapse once matter is sufficiently dense. 
Gravity and quantum physics
General relativity: universe as a whole as well as massive objects and their aggregates.
Quantum physics: microscopic world and its elementary structure at small distances.
Usually separate, but both relevant when large energy densities are involved (e.g., neutron stars, big bang nucleosynthesis).
But these are quantum effects of matter in a classical gravitational field and space-time.
What about quantum effects of gravity itself?
Dimensional argument: tiny Planck length ℓ P = G /c 3 ≈ 10 −35 m huge Planck mass M P = c/G ≈ 10
18
GeV ≈ 10
g.
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Quantum gravity
These are the scales of the elementary world of quantum space-time.
To be taken into account for microscopes with 10 −35 m resolution (10 atto-attometers), or for 10 18 GeV particle accelerators.
What else? Why quantum gravity?
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Indirect effects rather than direct observations.
Example: Brownian motion as convincing indication for atomic structure of matter well before Erwin Müller's field ion microscopy.
−→ Potential for observations, after all: small extension of space and high energies at big bang, combined with long evolution.
−→ Quantum effects in the gravitational force may change attraction, resolve singularities (as they do for hydrogen).
Microscopic degrees of freedom
At some point, energies will be so high that quantum physics of the gravitational field itself becomes important.
But what are the correct quantum degrees of freedom of space-time and their dynamics?
Further input needed. Example from particle physics: renormalizability leads from 4-fermion interaction of β-decay to electroweak theory. 
Principles for quantum gravity
Using renormalizability as a guide to find quantum gravity degrees of freedom leads to string theory.
Combines gravitational waves with matter, viewed as small fields on given space-time: unified theory.
Strong gravitational fields of big bang and black holes: interaction of matter with space-time metric, must consider quantum nature of full space-time.
Alternative principle: background independence, quantize full metric g µν . Realized in loop quantum gravity.
Based on different principles, string theory and loop quantum gravity are quite different from each other, but complementary.
Background independence
Quantum field theory on a background space-time: Mathematical operators a k and a † k to describe the annihilation and creation of particles of momentum k.
Using a † k introduces a new particle, and increases the total energy.
Products of operators to obtain interactions. Realized in loop quantum gravity: "holonomies" h I create geometry.
[Thiemann]
as (simplified) Hamiltonian: excitations of geometry take place dynamically. Depends on geometry through volume operatorV .
Universe as growing crystal of discrete space: atoms of space created and excited as universe expands.
Dynamics
Significant at high densities (big bang), or if many small corrections add up in a large universe (dark energy, perhaps). Important: Spectra of geometry (volume operator) and their dynamical transitions.
Being analyzed numerically. Most symmetric systems easiest to analyze, also concerning dynamics: quantum cosmology.
Loop quantum cosmology
Difference equation for wave function of the universe
depending on matter energyĤ.
Non-singular: wave function evolves uniquely across classical singularity (µ = 0).
Physical explanation: limited storage for energy in discrete space-time −→ repulsive force.
Geometrical picture in general not available in strong quantum regime.
Quantum back-reaction
General behavior of wave functions quite involved :   0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000   1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111   0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000   1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111   0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000   1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111   0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000  0000000000000000   1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111  1111111111111111 Time Quantum forces possible, which are not expected classically.
Harmonic oscillator
Simple system in quantum mechanics: harmonic oscillator, unsqueezed state:
